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Ihe propertlee of a neutron star a t  absolute zero tempera- 
ture are discuseed. The problem of determining the  ground state 
e 
"of 6 neutron star is formulated i n  a general way and t h e  conditions 
a re  described Wder which me m i g h t  reasmbbly hope tha t  an lndi-  
vidual-particle model (which we adopt) is valid. The effects  of 
the strong interact ime on the number densit ies and production 
u 
thresholds of the  vsrious hadrons are-Illustrated with several 
examplee. 
protone in a neutron star is calculated using an effective WASE 
approxkmtlon adapted from the theory of nucleer matter. Crude 
estimatee are d e  of the  cantributions of hadrons other than 
nucleons t o  the equation 
The modification of the energy spectrum of neutrons a?d 
I ' 
of &ate and specific heat. 
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I. m m m m  c & 
In the  m s e n t  paper (I), we discuse the properties of a neutron 
1 
s t a r  a t  absolute zero temperature. In the following peper (II), we 
calculate,  using the  ideas d~ecussed Fn I, the rates ln a hot neutron 
s t a r  of eane of the most important neutrino-coaling reactions. 
attempt to determine In If if the recently obsenred diecrete x-ray sources 
We also 
can be identified,  as many Suthors have suggested, w i t h  hot neutron stars. 
Our approach. h the present pper is to  discuss a neutron star as 
if it were a huge nucleus, neglecting the th in  outer Shell fran which the 
photons are e m i t t e d .  Sane of the most important properties of a typical ‘ 
neutron-star nucleus are: 
*and 
, 
R - 1Okm (If) 
Here B, Iz, Nn, Q, and R are, respectively, the  baryon number, z-component 
of the isotopic spin, neutran’number, charge, I I L ~ ~ S  density, and radius of 
the neutron star, 
one solar mass, with R/% - lo-’. In addition, a neutron star hag a small 
The above numbers obtain for E stsr  of approximately 
admixture of leptons (m 1% by number of eo and p-), A l l  hadrons leptons 
1 present in a neutron star are h igh ly  degenerate. 
In  Section II, we formulate in a general my the prablem of deter- 
* 
mining the ground e la t e  of a neutron star and diecuss the  conditions under 
.* .* 
which one might reasonably hope that an individual par t ic le  model (which 
Le &opt) is rapid. we a lso  summarize the r e s d t s  ob ta in4  by other 
6' 
authors using a Ron-interacting gas m o d e l  fur the  nucleons in a neutron 
star. 
equilibrium humber densltiee and production thresholds of' the  various 
In Section =I, we show how the  strong interactions can a f fec t  t he  
hadrons, b Section Iv, we d & t e  the effect of the  strong interaction8 
on the energy spectrun (ass-g no supercmductivity) of the neutrons aad 
protons In a neutrcm star, In Section V, w e  d e  crude estimates of the 
contribution of hedrms other than nucleons to the equation of state end 
specific heat. 
11. TfiE GROUND STATE OIP A NEUlBON STAR 
A. General. Statement and Remarks 
!the problem of determining the ground state of' a neutron star can 
be a t a t e d  in the following general form:* Find the state that minimizes 
the t o t a l  energy fw s given baryon number, inas8 dm%lty, and zero net  
charge. 
enable me t o  perform any pract ical  calculations. 
This general s ta tement  I s  obviously h s u f f l c i e n t ,  by i t s e l f ,  t o  
2-6 A l l  calculstlon6 
t o  determine t h e  properties of' the ground s t a t e  t h a t  have been carried out 
6 0  Par lean heavily on the concept of Individual par t ic les  supposed t o  
ex is t  inside the huge nucleus-like neutron 6t8.r. 
one is led t o  use a particle model of a neutron star because most 
of our laboratory knowledge of hadrons is expressed in  terms of t h e  
properties of independent par t ic les ,  much of the experimental infomation 
regarding strong interactions having been obtained by studying the in te r -  
actions of free hadrons. To regard a neutron star as canposed of in8ivi- 
-2- 
-r 
L . -  
oversimplification possesses considerable seU-consistency and sane 
ixperimental justif ication. m</seu-cansistency resu l t s  from the action 
of‘ the exclusion principle and the experimental just i f icat ion can be found 
in the successes aP the independent-particle m o d e l  i n  describing nuclei. 
The efclusion principle prohibits true scattering among the 
degenerate baryarns in a neutron s ta r  at zero degrees K because a l l  the 
energetically accessible states are occupied. A collision between two 
baryons in a neutron star can therefore be pictured as follows, 
when the separation i s  large canpared t o  a Fermi, t he  two-particle wave 
function is a product of plane waves. 
c les  are close together, t he  product wave I’unction is distorted because of 
the strong interactions, 
occupied, t h e  two-particle wave m c t i o n  nust resume after the coll ision 
i ts  origins1 form as a product of plane waves. 
star behave sanewhat like conduction electrons In  a metal, namely, they 
propagate like plane waves with sane extra  w i g g l e s  i n  t h e  wave function 
when two par t ic les  are close together. The reason is the same i n  both 
h i t i a l l y ,  
During the coll ision, when the parti- 
Since a l l  energetically accessible states are 
Thus baryons in a neutron 
. 
cases (electrons in a m e t a l  or baryon8 in a neutron star); the  effective 
strength of the forces (electromagnetic or strong) Is greatly decreased i n  
the medium of degenerate fermions by the exclusion principle. 
-. 
The above picture is expected t o  be valid’ if the wave nmber , k, 
which the average nuclear potential  impresses 
than P#l, where Pp i e  the Fermi momentum of 




upon a nucleon is smaller 
the  neutrons or protons. 
where an ie t h e  mass of a neutron and V is the depth of t h e  nuclear potential. 
, -3- 
6 S f  one ignores f o r  the moment a possible hard-core repulsion, then 
inequality (2) is a p p r o x h t e l y  equivalent t o  the condition tha t  
PF > 170 MeV/c; t h i s  condition is alwsys satisfied for neutron6 in a 
neutran star ,  
c ien t  for the val idi ty  of the model since ( for  
The fact that inequality (2) is satisfied for neutrans IS euffi- . 
p < 8 pnucl) most co l l i -  
6lane in a neutron star are between pair8  of neutrons cp between a neutron 
and some other 'hadron. 
0 We have suggested previously that a necessary condition for the  
va l id i ty  of any independent-particle modelforhadrons is  t h a t  the average 
seperation, d, between hadrons sat isfy the following inequality: 
d > 0.5 F (3) 
bequal i ty  (3) is equivalent t o  t h e  condition tha t  We now 
show in three different but related arguments why inequality (3) must be 
P < 8 pnuCl. 
satisfied for valid calculations t o  be carried out, w i th  our present 
knowledge of otrong interactions, OA t h e  basis of M independent par t ic le  
mdel, The arguments given in subsections ( i i )  and ( i i i )  assume tha t  the 
. 
effects  of strong interactions can be important in a neutron star;  t h i s  is 
shown expl ic i t ly  by means of examples i n  Section 111. 
j i )  Hard Core 
8 Our original argument assumed the existence of a hard core in, for 
example, the nucleon-nucleon interaction, 
section a hard core. 
hadrcms spend aost  of t h e i r  t b e  within each other's hard cores. 
W e  again assume in t h i s  sub- 
If h e q d l t y  (3) is not satisfied, then pairs Of . 
Because 
. 
of the high-nomentun components that  are present in  a hard-core interaction, 
any pair of neighboring hadrans w i l l  continually produce other kinds of 
virtual hadrons; thus the state vectar aF m y  particular par t ic le  w i l l  
-4- 
4 contain h r g e  admixtures Of' vurious hadrons, 
densities will spend a large fraction of i ts  time as, e . g . ,  a 
g + ngo'6 + p Or K+ + a- + no. Thus the concept Of distinct strongly 
interactbg par t ic les  is not meaningful for  densit ies greater than or of 
the  order of 'eight times nuclear densities . 
A "neutron" at slich hi@, 
- 
This conclusion is essay underetood in terns of the following 
sim?le ermphe. 
which 
s i t y  of alpha par t ic les  is now increased so that 
w i l l  come epart into t he i r  constituents, primarily neutrons and p r o t o n s  
Imagine a collection of alpha particles at a density for 
d > RaJ where Ra is the  "radius" of an alpha par t ic le .  If the den- 
d 5 €la, the  alpha par t ic les  
8s 
they do in actual  nuclei. 
dist inction between fermions and boscms probably disappears for densi t ies  
This simple example also suggests t ha t  t h e  
in e X c e B B  O f  ei&t times nuclear densities. mu6 pions (bosons) w i n  spend 
a w g e  f ract ion of t h e i r  time as fermion anti-fennion pairs (e.g., N + S). 
In  t h i s  si tuation, one must regard the  star as me gooey me86 and try to 
. d i s c u s  the excitations of the star (or Large nucleus) a6 a single entity.  
i i i )  Strmt;e Forces 
The forces due t o  the exchange of strange par t ic les  are expected t o  
be important when d is of the order of fi/mf, 
forces are not well known a t  present, one cannot calculate re l iab ly  the 
i.e., 0.4 F. S h c e  these 
strong interactions among hadrons at densit ies far which d 0.4 F 
liii) Strange Particles 
. ?.ne m66 s p l i t t h g s  between members Of the baryon octet  8re of t h e  
0 order of a f e w  hundred MeV. Thus strange ;?articles euch a6 Z's, A ' a ,  etc.  
w i l l  be produced in profusion in a neutron s t a r  when the neutron Fermi 




implies an average separation between neutrons of the  order of 0.4 3'. Since 
the forces bftween verious members of the baryon octet are not w e l l  ham 
(except perhaps for the nucleon-nucleon forces), one can not  carry Out 
reliable calculations f o r  densit ies such that d 0.4 F. 
Note tbt Eq. (4) also shows that r e l a t i v i s t i c  effects, which can not 
be re l lably included in dynamicel calculations involving the etrong Inter- 
9 
8Ctim6J m e  blp0-t f o r  d < - 0.4 F. 
B. The Non-Interacting Cas Model 
The nun-interacting gas model of a neutron s t a r  was proposed inde- 
pendently by Ambartswrprsn and SaaQan2 and Salpeter4 in 1960 and has been 
investigated in great detai l  by Cameron' and Tsuruta.' This m o d e l  represents 
the state of a neutron star in t e r n  of the  numbers of degenerate, but 
non-bteractlnq hadrons and leptons that a re  pn3sent. 
detailed tables, on the  basis of the non-interacting gas model, f o r  t h e  
number densit ies of the various hadrons, Z-, A', E-, A=, Zo, etc., a8 a 
Tsuruta has d c u l a t e d  
fhncticm of steU81. deneity for 
d c ~ l a t i o n e * - ~  is that  only fermions are >resent at densities for which 
s table  neutron-eter models are expected t o  exist ( p  < 300 pnucl); no pions 
are Present cm the basis of the  non-lnteracting gas model u n t i l  
p s 300 pnucl. A principal result of these 
p 2 30 Pnuc,* 
?he following approxbkte numerical results can eas i ly  be obtained, 
f o r  p 5 4 pnucl, on the basis of the non-interacting gas. model: 
Here n ( i ) ,  Ep(i), and P (i) are,  respectively, the number density, 
Fermi kinet ic  energy, and Fermi momentum for part ic les  uf type i. 




The number of electrons and protons is much less  than the number 
of neutrons because of tvo facts:  (1) The Fermi manenturn of t he  electr-ms 
*equals the Fermi momentum of the protons ( the condition of zero charge); 
and (2) The mass of an electron is much less than the  mass of a nucleon. 
The way in which these fac ts  conspire t o  produce a re lat ively s d  number 
af electrons and protons can be seen easi ly  fran the equilibrium relat ion 




b vhich I s  the origin of the name "neutron star". 
Tne nun-interacting gas model has been used t o  c a l c ~ h t e ~ - ~  the 
eqyation of state, heat capacity, and other properties Of dense matter for 
pnucl 5 0 5 300 pnucl. 
problems inckding hydrodynamic models of supernova coUpse.l0 Y m y  Og 
These results have been applied t o  o number of 
the paper6 l n  w h i c h  these applications are made discuss si tuations f o r  
which d 5 0.5 f; hence the crudest version Of an inclepeodent-particle 
m o d e l  has been used in a damain in which no independent-particle model is 
valid. The conclusions of these pp3-13 m u s t  be reexamined in order tO 
determine how much the conclusions depend upon unjustified inferences froai 
an independent -particle model . 
111. PARTICLE MODZLS WlTfI SIIROIlG IKCERAcTI~S 
A. General F o d l s m  
The problem of determining the constituents of a neutron s t a r  can 
4 easily be formulated f o r  any model tha t  assumes the existence of individual 
particles inside 
0 
where the summat 
the star. One defines a f b c t i o n  8 
= S d G i b 1  3 
i 
on over the  p a r t d e  label i extends over a l l  types of 
3 particles that are present, d si 
a given moslentum or energy interval, Wi is  the energy of a par t ic le  of 
is t he  number of par t ic les  of type i i n  
type i and momentum p, N is the number density,& part ic les  of type 3 ,  3 
Q( 1) and B'(i) are the  chsrge and baryon numbers of part ic les  of type i, 
and a and f3 are Isgrange rrultipliers introduced in  order t o  satisfy the 
constraints of conservation of charge and baryon number. 
neutron star is then determined by requiring that 
The state of the  
-8- 
, (9 )  
where the minimization implied by Eq. (9) is carried out a t  constant 
VOl.me a. . 
Mote that E Q S .  ( 8 )  and (9 )  can be used t o  determine the equilibrium 
state of matter even lf the matter is not in the form oi an e lec t r ica l ly  
neutral  neutron star. 
B. Examples 
has a simple f o r m  f o r  t h e  leptons (e- en.1 pi) The function W (N ) 1 3  
that are present because the overage electrostat ic  energy is  small  
(- 0 .2 ( P / P ~ ~ ~ ~ ) ~ ~  MeV) compared to the  Z'ermi energiee ( see as. (5)) . 
Theref ore, 
and . 
From Eqs. ( 8 )  - (IO), One finds : 
The m c t i o n s  Ui, where i I s  a hadron, depend on the number densit ies of 
a l l  the hadrons present because of the strong interactions t h a t  obtain 
among a l l  hadrons; t h e  magnitudtsof these interactions are comparable with 
the hadronic binding energies. 
tian Wi w i l l ,  nevertheless, be given by the simple expression: 
A significant part of each hadronic func- 
-9- 
.. 
2 2  
b mic +p /ai. %bus one obtains by differentiating Eq. ( 6 )  with respect 
t o  Nn: 
H e r e  : . 
represents t h e  average e n e r a  due t o t h e  strong interactions between the  
neutrons and a l l  other hadrons present. The quantity B(n) i s  negative 
2 and less than 
independent of the gravitational forces. 
- %(n) ( E  - PF ( n ) / 2  mn) if the neutrons are bound 
As 8 € b e t  appraxiznatlon, one can 
neglect in computing B(n) d l  interactions except those among the many 
neutrons present. 
to interactions of the neutrons i n  a neutron gas. 
quantity B(n) 
In t h i s  simp1ir"ied case, B(n) is the average energy due 
Even In t h i s  case, the  
is  uncertain by a factor of two or m o r e  depending upon 
u. ,which form is chosen for the nuclear forces i n  a nuclear-matter calculation. 
The equilibrium equation can be obtained by combining 6qe. (U) and 
(12) with  a similar relation f o r  protons. One finds: 
where B(p) is defined by Eq. (Ub) w i t h  n replaced by p. N o t e  that 
Eq. (13) reduces, lf (B(n) - B(p) )  1s set equal t o  zero, t o  the relat ion 
(i3q. (6)) valid in the  non-interacting gas m o d e l .  
suggest that (B(n) - B ( p ) )  i s ,  however, rather h g e  because of the great 
Preliminary estimates 
I 
dispari ty  between neutron and proton nurriber densities. 
-10- 
if Z-'S are present, 
where we have defined wlr t o  be the e n e r a  of the lowest pionic excitation. 
In writing Eq. (15) , w e  have made use of the f a c t  t ha t  pions are  bosons 
'and hence all the pions that  are  present ( a t  zero temperature) w i l l  be in 
the lowest energy state. 
Equations (13), (14), and (15) CM be obtained by inspection from 
e 
. 
e - + n + n - Z - + v  + n e ,  the equilibrium reactions, n + e- + p - n + n + Ye, 
and 
Aols, and possibly many other hadrons in abundance, although these strange 
n + n - x- + p + n' . The ream why neutron stars can contain C-'s, 
' pa r t ic les  are  not present t o  a good approximtion in ordinary nuclei, i s  
2 that the Fermi kinetic energy, PF /a, in neutron stars can be of the 
order of the mass differences (300 MeV) between the hadrons (PF /2m < 50 NeV 
fo r  ordinary nuclei) . 
2 
C. Shifts i n  Threshold Densities 
0 Strong interactions sh i f t  the threshold densit ies at  which various 
hackms are produced from the values these threshold densit ies have t? tine 
non-interacting gas  model. 
occur is most clearly understood by discussing a f e v  examples. 
produced a t  densit ies such that 
The crucial way in which these threshold shifts 
Pions are 
- 
( n + n r, x + p + n') : 
S i p a s  are produced at  densit ies such that (e- + n + n - C- + ye + n' ) : 
Pions are produced before sigmas if: 
Inequality (18) follows from Zqc . (13) , (16), and (17). It is usefbl 
rewrite Eq. (U), expressing all energies i n  MeV and estimating the proton ~ 
Fermi energy from the non-interacting gas m o d e l .  
tha t  the  cr i ter ion f o r  p i m s  being produced before sigmas is (energies in 
MeV) : 
One finds in t h i s  way 
B(fi-1 5 - 10 - 1.4 ( P / P ~ ~ ~ ~ ) ~ ' ~  + 0.5 bo(")- B(p)] 
The question of whether or  not t h i s  h e q d i t y  is sat isf ied has 
s e a t  pract ical  significance since the presence of a Luge number of pions 
changes the  predicted cooling rates of a hot neutron star by a large 
factor (- 10 +7 ). 
fied if one neglects, as one does with the  non-interacting gas model, the 
N a t e  t h a t  inequality (18) .or (18') can never be satis- 
b effects  of 
Tfie reason 
t he  strong interactions (Le. ,  sets 
tha t  t h e  threshold d e n s i t y  f o r  the production of pions is so 
B ( x - )  = Bo(Z’) = B(P) 0). 
high (- 300 pnucl) on the basis of the non-interacting gas m o d e l  is t&at 
the  excess negative particles,  electrons, are drained off in to  C-’6 before 
the Fermi energy of tfie electrons becomes high enough t o  make pions. 
D. General Remarks A b o u t  Models that bclude Strong Interactions 
me equations given i n  Section 111 A<’- d i d  f o r  any m o d e l  t h a t  
assumes the existence of individual particles in a neutron star. 
these particles w i l l  have, as a result of t h e i r  continuaus strong in te r -  
actions, properties that  
w h i c h  are stdied i n  most laboratory experiments. 
Of course, 
are different frm their  free-particle analogues 
Unfortunately, one m u s t  
invoke a detailed theory of strong interactions in order t o  calculate quan- 
t i t i es  such as B (no) and Bo(Z-). We hope tha t  some high-energy themists 
w i l l  apply their  methods‘to the calculation of these interaction energies 
which are v i t a l  t o  an understanding of neutron stars, I2 
IV. THE ENE3GY SamU’M OF A IiEU’lXON STAR 
A, General Mscussion 
The specific heat and neutrino luminosity of a neutron stm depend 
crit ical& on the spectrum of energy states available t o  the s t a r .  
present work (papers I and 11), w e  describe the states of the star in terns 
In the  
of its constituent particles,  adopting the m o d e l  t h a t  Comes, Walecka, and 
7 Weisskopf used t o  describe nuclear matter. 
W e  assume that the  nucleons in a neutron star do not form o super- 
f luid:  tha t  i a ,  we assume that there is 
state and the first excited state of the 
no energy gap between the  sound 
nucleon ga3.l’ . ~n energy gap of 
-13- 
.* 
=ore than 0.1 MeV i n  the neutron energy spectrum would greatly reduce 
both t h e  neutrino luminosity and t h e  specific heat of the  star. 
+ 
We are now trying t o  determine theoretically whether a dense nucleon 
gas forms a superfluid and t o  estimate the effects  of superfluidity on the 
cooling rate6 of hot neutron stars; w e  expect t o  report on t h i s  work at a 
later date. 
B. The Nucleon Effective Yasses 
i) k f i n i t  ions 
Acconiing t o  t h e  individual-particle model, the expression for the 
density of states available t o  a s ingle  nucleon is given by 
(19) 
-1 -2 *-3 2 
P(E) = 2 x P d P h  
where p(E) 
volume 
nan-relativist ic nuclean, the free-particle m o d e l  implies tha t  
is the number of states per u n i t  energy in tend .  per uni t  
For a and p and E are the momentum and energy of the  nucleon. 
J 
where m is the mass crf the nucleon. 
actions on the energy spectrum of a star can be represented approximately 
by writing the energy of each individual nucleon in the form 
The effect  of interpar t ic le  inter- 
E(p) = c J m C * +P - .c2 + u(p) I 
where U(p) 
interactions with neighboring nucleons. 
m*(p) by the  re ls t ion 
16 the change in t h e  single-particle energy prauced by 
We define the effective m s s  
which leads t o  the expression 
p = 2-1 p .*(P) (23) 
for the density of sa le -par t ic le  states. N o t e  that Eq. (22) reduces t o  
7 the usual non-relativist ic definit ion of an effect ive mass If' p is 
neglected re la t ive  t o  m i n  the first tern on the  right-hand s i d e  of Zq. (22). 
Tne additional r e l a t iv i s t i c  correction ( -  p2 c'~) is smal l  (-- 5%) for  
nuclear matter. 
the Fermi momentum PF, because t h i s  is the quantity tha t  enters i n to  
We are interest& primsrily i n  the density of states near 
neutrino cooling rates. Thus ue need calculate only m p F ( n ) ]  and n 
.y * 
m p F ( p ) ] ,  which we can now write more compactly as mn and m , respectivdy. P P 
l i i)  Calculatior. of the Effective Eisses 
'de need the effective masses of both the neutron and the po ton  for 
. our calculations of cooling ra tes .  !&ere are, however, two important simpli- 
f icat ions t h a t  result frm the  f a c t  t h a t  the number density of protons is 
much s d e r  than the  number density of neutrons; one can, with suff ic ient  
accuracy, neglect the  effect of neutron-proton interactions on the  neutron 
energy as w e l l  as the ef fec t  of poton-proton interactions on the  proton 
energy . 
"he nucleons a re  only s l ight ly  r e l a t iv i s t i c  f o r  t h e  densi t ies  a t  
which an ind iv idua l -mt ic le  treatment is val id ,  and t h e  term p- l  dU/dp 
i n  Eq. (22) is not large cmpared to a-'.
-t ic correction 
perturbations and do not consider r e l a t iv i s t i c  corrections t o  the interact ion 
7 tern i n  Eq. (22) . 
we make several simplifying assumptions: 
'de Vnus treat both the r e h t i -  
1 2  
2 ( -  - p m-2 c ' ~ )  and the  interaction-correction as small 
Following the non-, ,,,,vistic treatment of c;Omes et al. , 
-15- 
.. 
(1) The potential. acting in an odd-parity nucleon-nucleon state is negl i -  
gibly suall; 
(2) 
consists of a short-range hard-core poten t id ,  ?Or"(,) , and a long-range 
a t t rac t ive  &ential ,  ~ a ~ ( r ) ;  
(3) The repulsive core makes a negligible contribution t o  dU/dp; 
(4) 
value of the a t t rac t ive  potential (because of the ef fec t  of' the exclusion 
principle on the nucleon wave functions). 
The potential  acting i n  e v e n - p i t y  state8 i s  spin-independent and 
The Born approximation provides an acc-uate esti=late of the expectation 
7 Comes e t  al. have sham t h a t  the above approximations result in small errors 
a t  densit ies near nuclear dens i ty .  
The four assumptions listed abwe imply a simple correspondence 
between nuclear matter and a neutron star with the same number density of 
neutrons. In computing U(p) for  a neutron i n  a neutron star, we include 
interactions with Only half the neutrons in the  star, because 8ssumptiOn 
(1) and t h e  exclusion principle imply t h a t  there is no interaction between 
neutrons w i t h  pazallel  spin. "he corresponding U(p) for nuclear matter 
(which contains equal numbers of neutrons and protons) Includes contribu- 
t ions f m  half the neutrons and a l l  the protans present. 
that 
Thus we conclude 
I1 11 where quperscripts "n.6. and 'In .m." denote, respectively, neutron star" 
and "nuclear matter" , and the subscript "n" represents "neutron". One can 




I The assumptions (I) - (4) can be used to  show t ha t  the  neutron and 
proton energies have the form: 
where Is  
I ( ; ~ m ) - ~  Id3% jd3r u
a 
and P (n) is  the neutron Femi Ementun. F 
The effective masses of t h e  neutron and proton have been calculated 
using Eqs. (22) and (26). 
follaring potentials: 
( the  p o t e n t i a l  used by Canes et al.); and (2) several combinations of 
a t t rac t ive  Yukawa potentials and repulsive cores (the potentials suggested 
by Preston ). 
effective masses calculated usingthese potentials, In sp i t e  of the f a c t  #at all 
T2-s computations have been carried out f o r  the 
(1) M at t ract ive square well w i t h  a repulsive core 
14 There i s  a significant variation i n  the values of the 
the p a t e n t i d s  were chosen t o  f i t  the low-energy nucleon-nucleon scattering 
data. 
effective masses as functions of density, indicating the  extent t o  which 
In t h e  next two parafgaphs, we describe the general behavior of the 
the  numerical results depend on the  particulsr potent ia l  chosen. The error6 
introduced i n  our calculations of the specific heat and cooling rates by the 
uncertainties in the effective ma~ses are smal l  colnpared t o  the other uncer- 
t a in t i e s  t ha t  exis t .  
\ 
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l i i i )  Neutron Effective Mass . 
The neutron effective mass takes on its minimum value a t  a density of t he  
order of pnucl. For 0.5 < p/pnucl C 5 ,  the neutron effective ~ B B S  
m is in the range Wn.8. n 
present e s t b t e a  for mn wn*s* are souwhat h i a e r  t!!aF. in our previous 
work' since we did not include the r e l a t iv i s t i c  correction in our earlier 
estimate. For p << pnucl, the  effective mass can be expressed h the form 
where a - 2.5 20s. 
j i v )  Roton Effective &ss 
* 
The proton effective ma68 reaches its m i n i m u m  value ma a t  a 
density pmh3 where 
* 
0.5 m C mmin < 0.75 mn n 
For p <C pnuc13 the effective mass can be expressed in the form 
where Y = 5.0 +l.O 
A t  high densities, m +he'* is given appraximately by P 
.-. 
e . 
where 0.6 6 e 2.0 . 
The effective c1~1sses can thus be calculated with reasonable accuracy, 
despite the f a c t  that our present ignorance of  the  strang interactions mcikes 
the accurate calculation of the energy of a neutron gas d i f f i cu l t  (or 5mps- 
sible).  
Un, which resul ts  from the at t ract ive w e l l ,  and a positive part U 
results fromthe repulsive core and the ordinary kinetic energy. 
 he energy Utot of a neutron gas is the sum of a negative part 
which 
The ps i -  
P' 
t i ve  and negative C 0 n t r i b U t i 0 1 1 6  t o  U tot tend t o  cancel, and IutJ 1s 
generally s m a l l  compared t o  e i ther  IUnl or  IU I. Thus, small errors in 
Un or U c a  cause large fract ional  errors i n  Ut&. On t h e  other hand, 
P 
P 
the strong interactions cause only a re la t ive ly  smal l  change l n  the effective 
mas6. Thus it is possible t o  calculate the effective masses t o  within about 
10% despite the uncertainty i n  the treatment of the strong Interactions. 
C. Electrons and Muons 
The energy spectra o f t h e  electrons and u r n s  i n  a neutron star are  
essentially the same as the i r  corresponding free-particle spectra, because 
the energies of the electranagnetic interactions a re  s m a l l  (< 1 MeV) 
compared t o  the  relevant Fermi energies. 
V. THE EQUTIcaj CIF STATE AM) SPECIFIC HUT 
The strong interactions among the hadrons present in a neutron star 
m k e  it d i f f i c u l t  t o  find an accurate ecpation of s a t e  f o r  neutron-star 
matter. The equations of s t a t e  based on w i o u 6  theoretical  e s t b t e s  15 
of the  energy of a neutrm gas differ  by as much as a f a c t a  of' five a t  
I .  
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8 typical  neutron-star densities. The presence Of hadrons other than t'ne 
nucleons CM be estimated, on the basis of the non-interacting gas model, 
t o  change the pressure by less than  a factor  of two. 
Tfie specific heat also depends on the  threshold densit ies f o r  the 
production of various species of strange particles.  The specific heat 
CM be sham to increase by 8 factor of the order of 1.5 near the threehold 
density f o r  t he  production of+ each new baryon. 
increases occur are somewhat uncertain (cf. Section 111) because the strong 
The densities a t  which these 
interactions can cause large shifts i n  the threshold densit ies of the 
strange baryons. 
I 
I h e  presence of pions w i l l  not affect the specific heat directly.  I 
A pion gas becomes degenerate at a tern2erat-e Tc, where 
and n,/n, is the r a t i o  of the  number density of pions t o  the number 
'density of neutrons. Pions are therefore highly degenerate if nx > 0.1 nn 
. Tho r a t i o  of the pion specific heat Cx t o  the nucleon and T < l O  I 
specific heat Cn is given by 
10 OK 
. 
Thus, Cx is negligible canpared t o  Cn if T << Tc. 
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